ABSTRACT Acrobasis nuxvorella Neunzig (pecan nut casebearer) is a monophagous herbivore of Carya illinoinensis (Wang.) K. Koch (pecan); both are indigenous to North America, where Carya has evolved for Ϸ60 million years. We hypothesized that this close association may have resulted in a parallel evolution allowing casebearer to use pecan volatiles to synchronize seasonality. Casebearer overwinters in diapause as a Þrst-instar larva in a hibernaculum attached to a dormant pecan bud. Larval emergence from this structure after diapause or postdiapause quiescence coincides with the onset of pecan bud growth in the spring, and this interaction was the subject of this study. Dormant pecan twigs with hibernacula-infested buds were exposed to a water control or pecan volatiles from ÔWestern SchleyÕ cultivar, and monitored to observe larval response by using a microcalorimeter. Initial testing showed that metabolic heat produced by overwintering larvae remained low and unchanged when exposed to water vapor and signiÞcantly increased within a few hours after exposure to volatiles from new pecan foliage. This shows that these larvae in hibernacula are in a physiologically suppressed state of diapause or postdiapause quiescence, from which they detect and respond to these pecan volatiles. Further studies to quantify larval responses showed that 90 and 80% of the larvae became active and emerged from their hibernacula Ϸ6 d after exposure to Western Schley and ÔWichitaÕ volatiles, respectively. Mixtures of 13 sesquiterpenes from those pecan volatiles were identiÞed to induce physiological activity within larvae after hours of exposure, followed some days later by larval emergence from hibernacula. Host volatiles, to our knowledge, have not previously been reported to induce early instar larvae in hibernacula to rouse from a state of physiological arrest to resume normal growth and development. This also has potential for use in pest management.
dae) (pecan nut casebearer) is a monophagous herbivore of pecan, Carya illinoinensis (Wang.) K. Koch. The casebearer occurs widely in Northern Mexico and in the United States east of Arizona. It overwinters as a small larva inside a hibernaculum constructed from silk and bark, which is attached to a dormant pecan bud (Harris 1995) . Factors governing insect diapause termination in general are typically ascribed to temperature and/or photoperiod, or remain to be fully elucidated (Kostal 2006) . Casebearer larval emergence from the hibernaculum after diapause or postdiapause quiescence is known to coincide with the initiation of pecan bud growth in late winter and early spring, and the activated larvae emerge and bore into the young shoots, where they complete several instars before undergoing pupation (Ring and Harris 1984 , Harris 1995 , Cortes 1997 . Previous work by our group has shown overwintering larvae became physically active on exposure to newly growing buds with foliar growth of 1Ð5 cm in length (Fu-Castillo et al. 2010) ; determining the physiological state of these larvae just before activation was a principal goal of the current study. Heat generation is a product of metabolism that helps to differentiate an insect that is in a state of diapause or postdiapause quiescence from nondiapausing insects (Acar et al. 2001 (Acar et al. , 2004 JacoboÐCuellar et al. 2004; Joyal et al. 2005) and was used as an indicator of the physiological state of larvae in this work.
The close relationship observed between overwintering larval emergence and the initiation of pecan growth is consistent with the volatiles emitted by the new growth, acting as a chemical signal for casebearer to detect and use to initiate resumption of normal physiological activity. Insects are renowned for their ability to detect minute amounts of volatile molecules that inform their development and reproduction (Leal 2005) . Such semiochemicals (Paré and Tumlinson 1999 , De Moraes et al. 2001 , Colazza et al. 2003 act as attractants, repellents, inhibitors or food, and oviposition stimulants (Cook et al. 2007 ) within or between species. Carlisle et al. (1965) report that bud burst and emission of volatile terpenoids from certain desert shrubs coincide with maturation of a desert locust, which occurs 7Ð14 d before the appearance of the annual vegetation. Detection of volatiles varies over distances ranging far from or close to the emitter and depends on the nature of the semiochemical and the insectsÕ sensory organs (Acṍn 2007). Despite these many examples, no previous work has shown that exposure to host volatiles terminates physiological suppression in insect larvae. We tested the hypothesis that plant volatiles emitted by new pecan shoot growth are a primary factor that stimulates development after diapause or postdiapause quiescence in pecan nut casebearer larvae in hibernacula.
Materials and Methods
Uninfested Plant Material. Overwintering buds, new shoot growth (Ϸ2Ð3 cm), and nutlets (Ϸ1 cm) from two pecan cultivars (ÔWestern SchleyÕ and ÔWichitaÕ) were collected from commercial orchards in Costa Hermosillo, Sonora, Mexico (28Њ 14Ј N, 111Њ 45Ј W) in the 2007Ð2010 seasons. Uninfested dormant buds were collected in early February, young shoots (Ϸ2Ð3 cm) in March, and nutlets (Ϸ1 cm) in May. Samples were transported at 4ЊC to the Chemical Ecology Laboratory located at the Research Center for Food and Development, A.C. (C.I.A.D., A.C.).
Pecan Nut Casebearer-Infested Plant Material. Hibernacula containing overwintering larvae of pecan nut casebearer were located by carefully inspecting dormant buds where these cryptic structures had been closely afÞxed by the resident larvae the previous season; infested twigs were then collected in January and February from commercial orchards in Hermosillo, Sonora, Mexico, for bioassay studies. Hibernacula-containing twigs were washed in a 10% sodium hypochlorite solution (Clorox) for 3 min, thoroughly rinsed with water, and left to dry on absorbent paper at room temperature (20ЊC). Twig sections were cut to obtain a piece Ϸ2.5 cm in length with a hibernaculum closely afÞxed to a dormant bud in the center.
Extract Preparation. Western Schley and Wichita twigs were surface disinfected by a 10% sodium hypochlorite immersion (NaOCl; Clorox) for 3 min, thoroughly rinsed with water, and left to dry on absorbent paper at room temperature. Subsequently, these tissues were macerated and extracted with solvents. New shoot growth (750 g), dormant buds (80 g), and nutlets (100 g) were extracted by maceration in 1.5 liters, 750 ml, and 1 liter of 70% ethanol (JTBaker, LA Jolla, CA), respectively, for 7 d at 25ЊC in darkness (VargasÐArispuro et al. 2005) . After maceration, plant crude extracts were evaporated to dryness at a 40ЊC maximum temperature under reduced pressure and nitrogen ßow (Labconco 78820 model, KS City, MO). Sticky extracts were labeled as follows: Western Schley shoots, buds, and nutlets as WES, WEB, and WEN, respectively. Wichita shoots, buds, and nutlets were labeled as WIS, WIB, and WIN, respectively, and water treatments used for comparison were labeled as controls.
Bioassays for Activation of Overwintering Larvae. Pecan twigs, Ϸ2.5 cm, infested with A. nuxvorella hibernacula were used in a bioassay to evaluate the effect of the volatiles emitted from extracts on the activation of overwintering larvae. Each twig was cut longitudinally in two sections, one containing a hibernaculum, the integrity of which was veriÞed under a stereoscope (AM Scope, SZM600E, Irvine, CA). In total, Þve pecan twig pieces were evenly spaced (cut side down) as radii in the petri dishes (9 cm) on sterile semisolid agar. The sticky extract (5 mg) was redissolved in 50 l of sterile distilled water and put on a 0.5-cm-diameter disk of blotting paper (VWR320) and two disks were placed in the center of each dish. Three plates were prepared for each combination of the two pecan varieties and three tissue types (buds, shoots, and nutlets). Disks impregnated with sterile distilled water were used as controls. The plates were placed at 25ЊC under a photoperiod of 16:8 (L:D) h.
Pecan nut casebearer larval activation was monitored and recorded by daily visual inspection of hibernacula under a stereoscope for 14 d after trial setup. Detection of feces or the presence of larvae actively feeding in dormant buds provided evidence of larval activation. Bioassays were performed in January and February, when larvae are normally considered to be in diapause in the Þeld. There were 15 hibernacula in each treatment, and the experiment was conducted four times.
Headspace Collections by Solid-Phase Microextraction. The volatile extracts were captured from the headspace by using solid-phase microextraction (polydimethylsiloxane-carboxen-coated Þber, Þlm thickness 85 m; Supelco, Inc., Bellefonte, PA), previously conditioned in the gas chromatography (GC) injector at 250ЊC for 5 min. Such a Þber was passively exposed for 20 min to the headspace of the 25-ml vial cap septa containing the extracts (10 mg) for the volatiles to be adsorbed; then, the Þber was directly introduced into the GC mass spectrometry (MS) injector port for 5 min to desorb the analytes (Zini et al. 2001 (Zini et al. , 2002 Sanz et al. 2001; Bentivenga et al. 2004) . Every combination of cultivar and tissue type was represented, so three replications of each extract of cultivar and tissue type were analyzed.
Gas Chromatography-Mass Spectrometry. The volatiles adsorbed by solid-phase microextraction were analyzed in a GC Varian Star 3400 (CX Series) coupled to a Varian Saturn III mass spectrometer with an electron impact detector equipped with a DB5 capillary column (Agilent Technologies, Santa Clara, CA), 30 m in length and an internal diameter of 0.025 cm. Helium was used as the carrier gas at a ßow rate of 1 ml/min. The oven temperature was programmed at 40ЊC for 5 min, increased by 2.4ЊC min Ϫ1 up to 100ЊC, and then 20ЊC min Ϫ1 for 5 min until reaching Identification of Volatile Compounds Inducing Larval Activation. The identiÞcation of individual components was based on comparisons of their mass spectra with those contained in the NIST/EPA/NIH Mass Spectra Database for tentative identiÞcation (NIST Chemistry WebBook 2009), as well as by comparison with the mass spectra from our library of authenticated compounds or in previously published literature. Whenever possible, identiÞcation was conÞrmed by authentic standards from Fluka and SigmaÐ Aldrich (St. Louis, MO) with a purity level Ͼ95%, which included ␣-cedrene, ␣-longipinene, ␣-caryophyllene (humulene), ␤-caryophyllene, (ϩ)-valencene, terpinen-4-ol, limonene, trans-nerolidol, (ϩ)-carvone, (ϩ)-cuparene, benzaldehyde, myrcene, geraniol, linalool, 3-carene, ␣-(-)-bisabolol, 2-hexen-1-ol, geranic acid, and hexyl acetate.
The standards were prepared with dichloromethane at 1 g/ml concentration to be automatically injected into the GC-MS, by using the same temperature program and instrument settings as for the headspace volatiles. Composition was based on peak area normalization (expressing the area of a given peak as a percentage of the sum of the areas of all the peaks) without the use of correction factors. The component percentages were calculated of three replications by GC-MS analyses of four samples from each plant material and cultivar.
Calorimetric Detection of Cessation of Physiological Arrest. Heat generation is a product of metabolism commonly used to differentiate diapausing (low metabolic activity) from nondiapausing (high metabolic activity) insects (Acar et al. 2001 (Acar et al. , 2004 JacoboÐCuel-lar et al. 2004; Joyal et al. 2005) .The production of metabolic heat by overwintering larvae was used as an indicator of their physiological state in two contrasting treatments, Western Schley shoot extract (WES) and a water control. Metabolic heat was measured with a multi-cell differential scanning calorimeter (CSC 4100; Calorimetry Science Corporation, Pleasant Grove, UT) working in the isothermal mode at 25ЊC for 30,000 s. The instrument has a baseline sensitivity Ϯ1 W and a working range of Ϫ30 to 110ЊC. Temperature around the calorimeter chamber was maintained at 15ЊC with a refrigerated circulating bath (Polyscience, Niles, IL). Dry nitrogen at 175 g/cm 2 pressure was used to prevent moisture condensation inside the instrument. Samples were measured in three 1-ml Hastelloy cells with removable lids, and a fourth cell was used as a reference and kept empty during measurements. A vial (200 l) was placed in each cell, which contained 10 A. nuxvorella overwintering larvae, each in its respective hibernaculum, averaging 5 mg in weight. A blotting paper disk (0.3 cm in diameter) impregnated with extract (5 mg redissolved in 50 l of sterile distilled water) was placed on the wall of the vial. Controls consisted of 10 overwintering larvae in their respective hibernacula and blotting paper disk impregnated with sterile water. Metabolic heat production by overwintering casebearer larvae was monitored during a 50-h period at intervals of 5 h. Metabolic heat (Rq) rate was expressed in W/mg of overwintering larvae on a fresh weight basis (Criddle et al. 1991) . Rq means were calculated on three replicates for each sampling period.
Statistical Analyses. Experimental design was a completely randomized factorial arrangement for semiochemical treatments and incubation periods to describe larval emergence. When no signiÞcant interactions were found, mean separation, for signiÞcant main effects, was done by Tukey analysis at ␣ ϭ 0.05 (Number Crunches Statistical System [NCSS] 2005). On a second experiment, overwintering larva activation data were also analyzed by regression analyses to further investigate emergence data as a function of time on a physiological scale expressed as degree-days (DD), which were computed according to Allen (1976) and Ring and Harris (1983) , by using a base temperature of 3.3ЊC. In the third experiment, DD were also used to correlate with larval metabolic heat production during the pre-emergence period from when metabolic heat began to rise until the larva exited the hibernaculum.
Results and Discussion
Phenotypic Data on Overwintering Larval Activation. Figure 1 shows the effect of volatiles emitted by Western Schley and Wichita shoot, bud, and nutlet extracts on larval emergence compared with water controls. Activation of A. nuxvorella overwintering larvae was quantiÞed by counting the larvae that emerged from their hibernacula. This activation was signiÞcantly induced (P Ͻ 0.05) by shoot and nutlet extracts from both varieties with a cumulative cohort response after 14 d of exposure of 90% for WES, 80% for WIS, 60% for WEN, 35% for WIN, and no response for WEB, WIB, and the water controls. These results demonstrate that larval emergence was clearly activated by shoot extracts, somewhat activated by nutlet extracts, and not activated at all by bud extracts or water controls. The 5 mg shoot and nutlet extracts that induced larval emergence resulted from Ϸ88 mg of fresh shoot tissue and Ϸ43 mg of nutlet tissue. These represent a foliar growth of 2.5 cm in length and a quarter of a nutlet of 1 cm in length. This amount of fresh tissue is somewhat lower than what would be expected to induce larval emergence under natural conditions (Fu-Castillo et al., 2010) . We note that the qualitative and quantitative volatile proÞle experienced by the overwintering larvae in this study may vary somewhat to that experienced by overwintering larvae under natural conditions, but argue that a reasonable approximation suitable for testing was obtained. The location of the hibernacula containing the larva typically transects the outer scale suture of the dormant bud, which brings the larva into direct contact with the shoot tissue and associated volatiles at and after bud burst in the Þeld; this juxtaposition of the expanding pecan tissue, the larva, and the hibernaculum itself may also result in affecting the quality and the quantity parameters of the pecan volatiles available for detection by the larva. These matters remain to be addressed in future work.
Notes on daily observations of each cohort show no changes in the external appearance of the hibernacula were initially observed and then visible changes began to be noticed in the physical appearance of hibernacula 2Ð3 d before when larval emergence occurred. Those changes included a gradual increase in hibernacula size and apparent loosening of the structure. The rate at which 50% larval emergence occurs from the hibernaculum in each treatment is shown in Fig.  2 . Volatiles emitted by WES and WIS extracts required Ϸ20 DD to achieve a 50% emergence, whereas those from WEN reached the same level after 50 DD. Finally, after 170 DD, WIN reached 38% emergence. WEB and WIB extracts data are not shown because they did not stimulate any emergence. These regressions Þt the existing data, with determination coefÞ-cients Ͼ90%. The quadratic equations were used because they provided the best Þt for these data and allow us to estimate the time required for each treatment to reach an arbitrary threshold of 50% emergence after exposure. This information may be useful for prediction purposes, as the DD approach allows these regressions to be applied by using ambient temperatures to estimate the time of actual emergence after exposure to volatiles under Þeld conditions. Physiological Data on Overwintering Larval Release From Metabolic Torpor. Isothermal microcalorimetric measures of overwintering larvae showed initial metabolic heat values were uniformly low at Ϸ0.89 W/mg hibernacula fresh weight (Fig. 3) . Overwintering pecan nut casebearer larvae in hibernacula exposed to volatile shoot extracts (WES) and water controls (Fig. 3) show that heat generation signiÞ-cantly increased in the WES treatment by Ϸ21 DD (10 h) after exposure. Response to WES volatiles continued to increase throughout the study period, whereas controls showed no changes. These results show that all larvae were in a state of physiological suppression at the initiation of the experiment and only those exposed to WES volatiles quickly increased their metabolism and, as shown previously, shortly thereafter Fig. 2 . Emergence rates of A. nuxvorella overwintering larvae from hibernacula after exposure to pecan volatiles emitted by extracts from Western Schley shoots (WES) and nutlets (WEN) and Wichita shoots (WIS) and nutlets (WIN). Each data point is the average of four independent experiments with 15 hibernacula each. Data corresponding to bud extracts from both varieties and water controls are not shown, as they did not induce any emergence during the experiment.
began to initiate visible changes to emerge from their hibernacula and proceed to grow and develop.
In larvae exposed to WES volatiles, initial metabolic heat values began at 0.89 W/mg hibernacula fresh weight and increased to a value of 3.9 after 56 DD (50 h). Therefore, during this incubation study, exposure to WES volatiles induced a fourfold increase in metabolic rate, as compared with controls, and the regression showed a determination coefÞcient of 0.808. According to this regression, metabolic heat rate increases at a rate of 0.06 W/mg hibernacula fresh weight per DD. As expected, data dispersion along the regression line suggests that variance in metabolic heat production increases as time passes, as commonly happens in biological systems (Neter et al. 1983) . Experimental controls remained at a uniformly low metabolic level with little variance around the mean during the same period, which is consistent with being in diapause of postdiapause quiescence. Neven and Hansen (2010) reported similar trends in data dispersion in metabolic heat values for a group of 12 Þfth-instar larvae of Cydia pomonella; JacoboÐ Cuellar et al. (2004) report between 4.08 and 9.1 W/mg fresh weight for postdiapause C. pomonella larvae. Dormant casebearer larvae, as evidenced by a low metabolic rate, rapidly exhibited increased metabolic rates on exposure to pecan shoot volatiles, which we interpret as release from physiological suppression. These results show the volatiles from pecan shoots elicited a physiological response that facilitates developmental synchrony between the casebearer and its pecan host. It would require further studies to determine if volatiles actually terminate diapause or if they stimulate development in overwintering larvae experiencing postdiapause quiescence.
Characterization of Volatiles From Pecan Shoot Extracts. We are aware that the volatiles emitted from extracted tissues may only approximate and not exactly duplicate those released from intact tissue (CorellaÐMadueñ o et al. 2011 ). This process can inßuence the composition and quantities of the volatiles identiÞed and estimated in the GC-MS work as compared with what occurs with intact tissue under natural conditions; these effects are assumed to be small and insufÞcient to disrupt the biologically active components that we did Þnd in this work. By using GC-MS, we identiÞed a subset consisting of a blend of 14 volatile compounds in headspace from shoot extracts of Western Schley and 13 in Wichita that elicited a resumption of physiological activity in casebearer and subsequent emergence of overwintering casebearer larvae from hibernacula (Table 1) . Within these subsets, ␣-cubebene and ␣-elemene were unique to WES and D-limonene to WIS (Table 1 ). The remaining 12 volatiles co-occur in WES and WIS, although the relative proportions of these compounds differ between cultivars. Sesquiterpene hydrocarbons constituted the Fig. 3 . Metabolic heat production by A. nuxvorella overwintering larvae exposed to Western Schley shoot volatile extracts (with extract) and water controls (without extract). Each data point represents the mean of three independent replicates. Sample size was a direct function of a minimal hibernacula mass (10) to achieve a speciÞc sample fresh weight (5 mg). (Bruce et al. 2005 , Elmore et al. 2005 , Paolini et al. 2008 . In phytophagous insects, the majority of peripheral receptors to detect compounds are not unique to chemicals from their host plant; therefore, the ratio of such released volatiles becomes a vital component as an olfactory signal for detecting a speciÞc host (Webster et al. 2010) . Bruce et al. (2005) concluded that the proportion of components in volatile mixtures is important to host perception by insects. However, the adherence of the hibernaculum to a pecan bud ensures that the host condition can be detected by the dormant larvae when that bud commences growth in spring; we postulate that similar volatiles released from nearby plants would be too diluted to be detected by larvae in hibernacula afÞxed to still dormant pecan buds, and that compound ratio recognition may not be needed for this mechanism to operate effectively. How dormant casebearer larvae detect host volatiles remains to be elucidated.
A. nuxvorella diapause is a process the insects use to survive the period when their pecan host is not suitable for their growth and development. The termination of this diapause or postdiapause quiescence by exposure to host volatiles also synchronizes their development on their host, so that the overwintering generation adult females can oviposit on recently pollinated fruits, which will then be consumed by the Þrst summer-generation larvae. Our current work suggests the hypothesis that overt application of synthetic sesquiterpenes may stimulate development and early emergence of overwintering casebearer larvae, so that economic densities of this facultative fruit feeder may be avoided in commercial pecans.
